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Abstract
Pseudomonas aeruginosa is extremely harmful to immunocompromised indi-
viduals. An atomic force microscope was used to measure the surface forces of this
bacteria’s exopolymers. These forces were characterized with a force model, which
is a function of brush length, probe radius, temperature, separation distance and an
indefinite density variable, s. This last parameter could represent root spacing or mesh
spacing of the exopolymers. This study aims to clarify s by obtaining force values
as a function temperature. Data show the brush length to be on the scale of several
hundred nanometers while s is on the scale of tens of angstroms and is varying with
temperature suggesting that s represents the mesh spacing. This knowledge will aid in
developing treatment for bacterial infections.
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Executive Summary
Pseudomonas aeruginosa is a virulent gram negative bacteria that is very harmful to
immunocompromised individuals. It is especially troublesome for cystic fibrosis and implant
patients. This is due to the bacteria’s ability to form micro-communities known as biofilms.
These biofilms are nearly impossible to treat and in severe cases, implants must be removed.
This bacteria’s ability to adhere to surfaces determines the formation of the biofilm. However,
the ability to adhere depends upon the lipopolysaccharides (LPS) anchored to the cell wall.
Understanding how these LPS adhere is essential to preventing biofilm formation and treating
bacterial infections.
An Atomic Force Microscope (AFM) was used to measure the steric forces of bacterial
LPS on Pseudomonas aeruginosa. Atomic force microscopy is a type of scanning microscopy
in which a laser and photodiode are used to detect the movement of a micro-length cantilever.
The forces are measured indirectly by the deflection of the cantilever and are calculated using
the cantilever’s spring constant. The AFM measures the steric forces, or those caused by
the arrangement of the molecules and even atoms of the surface. In this case those forces
are specifically due to the interaction between the probe of the cantilever and the LPS of
the bacteria.
The forces produced by the AFM were characterized by a modified version of the Alexan-
der and de Gennes (AdG) model for polymers. This model was originally created for two
parallel substrates with polymers adhered to the interior faces. The model characterized the
forces of the polymers as a function of the plate separation. However, this model can also
be applied to the situation of the AFM tip and sample.
The AdG model, however, contains a density parameter, s, whose physical representation
depended upon the type of adhesion of the polymers to the substrate. This parameter was
indicative of the root spacing, the distance between attachment points, for physisorbed
polymers and the mesh spacing, the distance between entanglement points, for chemically
adsorbed polymers. De Gennes made this distinction originally in his research yet it has not
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been clarified as to the physical representation of s for the LPS. This study aims to clarify
the ambiguity of a parameter, s, within the force model for this system.
The data collected from the force curves of the AFM were a function of changing tem-
perature. The data show the LPS layer thickness, L, to be on the scale of several hundred
nanometers, while s is on the scale of tens of angstroms and is varying with temperature.
This is evidence that the parameter represents the mesh spacing rather than the root spac-
ing, which would be fixed for the LPS. It is important to understand the forces between the
LPS and a surface so that the adhesion of the bacteria to surfaces can be better understood.
This will ultimately aid in developing antimicrobial treatments, antibacterial surfaces, and
preventing the formation of biofilms.
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Chapter 1: Introduction
Bacterial biofilms cause many of the persistent infections in the medical community and
are a chronic concern for immunocompromised individuals [1]. Biofilms can be generally
thought of as communities of microorganisms that adhere to a surface [9]. Although the
definition may seem deceptively simple, their composition, structure and cellular organization
can become very complex, even to the point where it approaches basic aspects of multicellular
life.
Formation of a biofilm begins when the planktonic cells of the bacteria receive environ-
mental signals such as the amount of nutrients, osmolarity, pH, and oxygen levels. The
planktonic cells then begin the transition from free-living cells to surface-attached cells. It
has been found that the lipopolysaccharides (LPS) of the bacteria are crucial for the attach-
ment process [9].
LPS are found attached to the cell wall of gram-negative bacteria. Lipid A, a product
of sugars and hydrophobic fatty acids, anchors the LPS into the cell wall’s outer membrane.
The core ogilosaccharide, whose composition includes keto-deoxyoctulosonate, and the sugars
heptose, glucose, and glucosomine, is attached to Lipid A [10]. The O-antigen, which varies
for each bacteria, is the remaining component of the LPS [11].
After attachment a cell’s behavior begins to alter. Changes in gene expression, such as
down regulation of the gene that produces flagellum, begin to occur. Typically free-living
bacteria move via flagellum swimming. However, when the bacteria come into contact with
a surface or other bacteria, they begin twitching motility. The pili located on the surface
of the cell extend and contract allowing the cell to be pushed or pulled across a surface.
Coupled with quorum-sensing molecules, the cells begin to congregate into microcolonies [9].
Quorum-sensing, or cell-to-cell signaling, is a phenomenon that has only recently been
discovered and is still being studied. This phenomenon allows gram-negative and positive
bacteria to begin to act as a unit rather than as individual cells. It includes the ability to
sense cell density and population, as well as signaling other cells within the community [12].
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The bacteria also begin to increase production of polymers that form the exopolysac-
charide (EPS) matrix of the biofilm. The EPS is an important characteristic of bacterial
biofilms, due to its contribution to the antimicrobial resistance of the biofilms. The com-
position of the EPS matrix depends on the bacteria present, as well as the environment. It
surrounds the microcolonies of bacteria, preventing antibiotics from reaching the cells, while
allowing for permeable water channels between colonies for the transportation of nutrients
and waste to and from these colonies. Figure 1 depicts the individual microcolonies as well
as the clear spaces between the colonies referred to as permeable water channels [1, 2].
Figure 1: A confocal scanning laser image of a mixed living biofilm from the Bow
River in Alberta, Canada. It shows the clusters of microcolonies as well as the clear
permeable water channels [1].
Mature biofilms take on a distinguishing mushroom cloud shape. Figure 2 illustrates
this shape with Pseudomonas aeruginosa PA01 [2]. As a result of detachment signals, such
as starvation or overpopulation, detachment can occur. The bacteria can return to the
planktonic state to search for other environments such as those rich in nutrients [1, 9, 2].
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Figure 2: This image depicts the characteristic mushroom shape of biofilms. This
image of Pseudomonas aeruginosa PA01 was grown in a flow cell reactor. The image
is courtesy of Ehud Banin, University of Iowa at a magnification of X630 [2].
Biofilms can be comprosed of multiple microbial species or a single microbial species.
Typically multi-species are found in nature while single-species dominate the medical com-
munity [9]. An intensely studied single-species biofilm bacteria has been the Gram negative,
aquatic rod bacterium, Pseudomonas aeruginosa.
This bacterium is one of the top five leading causes of nosocomial infections and is one
of the most virulent [10, 13]. It can survive in most environments and will form biofilms
in any environment that supports growth [9, 12]. This particular bacterium contributes to
30% of pneumonia and septicemia related deaths and 38% of ventilator related pneumonia
deaths in intubated patients. It is also associated with a 60% death rate in burn units
if an outbreak occurs and a 50% death rate for AIDS patients [12, 13]. This bacterium is
commonly found as a biofilm in the lungs of Cystic Fibrosis patients and is especially harmful
for these immunocompromised patients [13].
Fighting infections cause by P. aeruginosa becomes very difficult due to the serum resis-
tance of the bacteria. In other words, the antibodies and antigens in blood serum are unable
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to identify the bacteria. It was found that the LPS of this bacterium contribute to the serum
resistance [3].
Treatment of P. aeruginosa infections can be challenging due to the antimicrobial re-
sistant nature of biofilms. This bacterium is naturally resistant to many antibiotics and
can become multi-drug resistant after failed treatments [12, 14]. It is almost impossible to
treat the biofilms found in the lungs of cystic fibrosis patients [12]. Currently many infected
patients are turning to the use of viruses that attack bacteria, a treatment known as phage
therapy [14].
Since treatment is exceptionally difficult and this bacterium is responsible for a large
number of infections and deaths, preventative care would be prudent. However, to administer
and create plans for preventative care it is necessary to understand the attachment process
of the bacteria, as well as what causes its virulence.
The LPS of P. aeruginosa positively correlates with the virulence and has been shown
to be vital for the adhesion process. There are twenty types of P. aeruginosa that are
distinguished by different sets of antigens. These groups are referred to as serogroups.
The LPS of this bacterium has the typical composition described earlier with an O-antigen
consisting of repeating saccharide units [10, 3, 6]. This heteropolymer B-band is responsible
for the distinction between serogroups [10]. However, fourteen of these groups also produce
the common antigen or A-band. The A-band, a homopolymer, is composed of approximately
twenty-three repeating units of the D-rhamnose sugar polymer [6].
The O-antigen side chains vary in length with different strains of P. aeruginosa. The
genes Wzz1 and Wzz2 have been identified as the regulators for two different chain lengths
[10]. These chains are referred to as long, regulated by Wzz1, and very long, regulated
by Wzz2. Chain lengths between 50 and 150 kDa are considered long chains while lengths
approaching 250 kDa or more are very long chains [6].
Two particular strains of P. aeruginosa have been studied more so than the others. The
LPS of strains PA01, of serogroup 05, and PA103, of serogroup 011, have been studied
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[10, 6]. Strains within the serogroup 011 are commonly found in infections and have been
used in animal models [10]. The Wzz genes were identified first in strain PA01 and were
then identified in strain PA103 using the nucleotide sequence of PA01. It was found that
Wzz1 of PA103 has 41% identity with Wzz1 of PA01 while Wzz2 has 95% identity [10].
Although the need for two different LPS bands is unknown, speculations regarding the
very long chains’ connection to serum resistance have been made [10]. The B-band O antigen
is much larger than the A-band. Therefore when the B-band is present it covers the A-band.
This prevents the antibodies from recognizing the A-band antigens, contributing to the serum
resistance [10, 3].
This was further confirmed when mutants of PA103 were compared to the wild strain.
The mutant ∆ wzz1, meaning the Wzz1 gene was deleted, reduced the inclination for long
chain O antigens. The mutant ∆ wzz2 resulted in the complete absence of all very long
chain O antigens [10, 3]. The ∆ wzz1 and double mutant (both genes deleted) both showed
decreased survival in diluted normal human serum. However, the ∆ wzz2 did not differ
from the wild strain indicating that the very long O antigen chains of the B-band are what
contribute to serum resistance and therefore the virulence [10].
A technique that has begun to be used to relate the LPS to the virulence of the bacteria
has been Atomic Force Microscopy (AFM). The AFM uses a sharp silicon nitride tip whose
radius can range between 10 and 100 nanometers. As the tip approaches the surface of
the bacteria, the repulsive steric interactions between the molecules of the tip and surface
can be measured. These forces can then be modeled so that the properties of the LPS can
be better understood. This technique is also conducive to determining virulent strains of
bacteria given that the adhesion is directly related to the virulence [6].
Previous experiments using AFM have characterized the steric forces of the LPS in hopes
of better understanding the adhesion process [15]. Alexander and de Gennes have modeled
these forces [16, 17]. While most of the variables within the model are well understood,
one of the variables has not been clearly defined or characterized. This distance, s, has
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been thought to represent the root spacing of the LPS on the membrane [4], yet there is a
possibility it actually represents the distance between entanglement points of the LPS.
Using AFM, the steric forces of the mutant ∆Wzz1 of strain PA103 will be studied and
modeled. This deleted Wzz1 gene produces only long LPS chains creating a more uniform
distribution of LPS lengths [2]. As the temperature in the system increases, the thermal
energy of the system also increases. This increases the LPS fluctuations, thus the layer
thickness, L, will change. The hypothesis is that as L increases, the spacing s, of the LPS
might also change [4].
The force curves, which are curves produced by the AFM tip and sample interaction
showing the force as a function of the tip and sample separation, should reflect these vari-
ations due to temperature changes. Therefore, through careful experimentation, the length
s can be characterized. If the length s shows a statistically significant variation correlating
to the temperature change, it can be concluded that the length s is a representation of the
distance between the entanglement points. However, if there is no statistically significant
difference between the measurements, then it can be concluded that the length s represents
the root spacing.
Scientists and researchers from several different backgrounds including physicists and
biologists have done various experiments to better understand the nature of biofilms and
their corresponding bacteria. The American Society for Microbiology has had several annual
conferences on biofilms held at different locations from 2000 [2]. Here research groups have
a chance to share their findings, furthering the progression and study of microbial biofilms.
On November 6, 2011 ASM began a three-day conference on cell-to-cell signaling, a
phenomenon found to be essential to biofilm maturation [18]. The scientific community
has recognized the significance of biofilms and has strived to understand their development
process, formation, and composition, especially within the last ten years [2]. However,
further studies regarding biofilms, as well as the individual bacterium within the biofilms,
such as Pseudomonas aeruginosa are needed. These studies will lead to better treatment and
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preventative care for the immunocompromised individuals infected and at risk of infection.
The remainder of the report will discuss the literature referenced and methods used, as
well as data and the conclusions that can be drawn from the data. Each topic will have its
own section or chapter labeled as follows, Literature Review, Methods, Results and
Discussion, and Conclusions. The pages for these specific sections can be found in the
table of contents.
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Chapter 2: Literature Review
2.1 Biofilms and Bacteria
Although microbiology has been a designated branch of biology since the late seventeenth
century, it has only been within the last few decades that microbial biofilms have been studied
extensively [2, 19]. The American Society for Microbiology (AMS) has sponsored a series of
conferences dedicated to biofilms since 1996 [2]. These conferences began after their 1993
annual meeting and allow all disciplines interested in biofilms to communicate results.
At the 1993 annual meeting, J. W. Costerton from the Center for Biofilm Engineering at
Montana State University and five others presented data on biofilms that deemed the subject
worthy of four-day conferences. Costerton et al. reported the use of confocal scanning
laser microscopy to determine that biofilms were not homogeneous as previous thought.
Confocal scanning laser microscopy was also used to determine the basic form of the biofilm;
permeable water channels within an exopolysaccharide (EPS) matrix surround small but
dense microcolonies [1].
Using microelectrodes with confocal scanning laser microscopy the dissolved oxygen
within the biofilm of P. aeruginosa was studied. From these data the convection flow
within the permeable water channels was clearly seen. A remarkable discovery related to
the dissolved oxygen explained how aerobic and anaerobic species could live within the same
biofilm. It was found that as the probe reached the center of the microcolony the levels of
dissolved oxygen decreased and increased outside of the colonies. These data can be seen in
Fig. 3.
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Figure 3: Confocal scanning laser micrographs (left) and dissolved oxygen data
(right) obtained with microelectrodes for P. aeruginosa. The dissolved oxygen probe
was moved from the bulk fluid into the center of teh microcolony and back to the
bulk fluid taking readings at regular intervals. The data indicated that the water
channels trasport dissolved oxygen. The arrows indicate the position of the probe.
[1]
Several groups presented information on interspecies interactions at one of the confer-
ences hosted by AMS. Morten Hentzer from the department of Molecular Microbiology at
BioCentrum-DTU in Denmark, studied the interactions of P. aeruginosa and Burkholde-
ria in cystic fibrosis lung infections [2]. Anne Dunn and determined through screening that
Sinorhizobium meliloti uses similar factors as tomato plant roots to colonize abiotic surfaces.
There were also impressive displays of research techniques introduced at the 2003 con-
ference. Michael Wagner from the Microbial Ecology Group in Freising, Germany utilized
advanced techniques such as Fluorescence In Situ Hybridization used in cytogenetics, mi-
crosensors, and microautoradiography-stable isotope probing to determine the resolution
of individual species and phylogenetic groups, metabolic activity, and profiles of chemical
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gradients within the biofilm[2]. Marvin Whiteley addressed the difficult task of evaluating
gradients of gene or protein expressions in specific systems. He applied a variation on a
technique that identifies virulent genes while studying P. aeruginosa PA14. This technique
was considered a new genetic tool at the 2003 conference [2].
One of the extensively studied biofilm bacteria has been P. aeruginosa largely due to its
association with high death rates in immunocompromised individuals. Christian Delden and
Barbara Iglewski from the University of Rochester School of Medicine and Dentistry have
reported that cell-to-cell signaling, or quorum-sensing, is directly related to the virulence
of this bacterium. Delden and Iglewski describe two cell-to-cell signaling systems for P.
aeruginosa, the las system and rhl system. These systems were named according to the
genes regulated and produced within the systems. It was found that the las system is
involved in the development and maturation of P. aeruginosa biofilms [12].
Other genetic studies such as those done by Daniel Wozinak, from the Department of
Microbiology and Immunology at Wake Forest University School of Medicine, and colleagues
have shed light on the complex process crucial to biofilm formation in which the bacteria ad-
here to various surfaces. Wozinak’s laboratory has shown that surface attachment regulates
genes within P. aeruginosa that are responsible for the production of flagella and alginate.
Flagellum is vital to the motility of the bacterium while alginate has been found in the EPS
matrix of the biofilms. Wozinak showed that on surface contact flagellar synthesis slows,
while alginate synthesis is increased [9].
The lipopolysaccharides (LPS) of P. aeruginosa have been studied and described by
many groups due to their large contribution to the development of biofilms. It is commonly
known now that the LPS contain a Lipid A, core oligosaccharide, and O-antigen as seen in
Fig. 4 [3]. Out of these three components the O-antigen is the most interesting to scientists
because it determines the serogroups for strains of P. aeruginosa [20].
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Figure 4: A structural representation of P. aeruginosa LPS. FucNAc: N-acetyl fu-
cosamine; GalN: Galactosamine; Glc: Glucose; GlcN: Glucosamine; Hep: Heptose;
Kdo: 3-deoxy-D-manno-octo-2-ulosonic acid; subscript n indicates the unit repeates;
Rha; Rhamose. [3]
Goldberg’s group from the Department of Microbiology at the University of Virginia
Health System studied the regulation and length of the o-antigen component in P. aeruginosa
LPS. They identified two wzz genes in PA103 serogroup 011 that regulated the length of the
o-antigen. Using mutant strains of this bacterium they were able to determine that wzz gene
produced either long and very long chains. It was also determined that the wzz1 gene is
responsible for the long chains while the wzz2 gene is responsible for the very long chains
[10].
2.2 Steric Forces and the AdG Model
These polymers, however, are not the first to be studied, scaled, or characterized. Alexan-
der and de Gennes first described the force interactions between polymers brushes in the
nineteen seventies and eighties. Alexander determined the first relationships between the
Helmholtz free energy, stretching energy, and the chain parameters of each polymer chain[16].
Several years later de Gennes expanded Alexander’s relationships creating what is now
known as the Alexander and de Gennes, or AdG, model for steric forces of polymers at an
interface [17]. He, unlike Alexander, made a distinction between types of polymer adhe-
sion. While Alexander’s model contained a characteristic length parameter the modified de
Gennes’ version concluded that the length parameter represented the mesh spacing of the
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polymers for terminally attached polymers of a single layer and the mean distance between
entanglement points for terminally attached chains involved in interactions between multiple
plates.
The AdG model then took the form of Eq. 1 as seen in the modeling presented by Debby
Chang et al. for describing the steric forces and interactions of lubricin and hyaluronic acid
on substrates [15]. Chang noticed that adhesion of the lubricin onto the probe decreased
with scan speed and increased with contact force and longer dwell time. The force model
F (D) =
CpikBTLR
S3
[
7
(
2L
D
) 5
4
+ 5
(
D
2L
) 7
4
− 12
]
(1)
C is a constant that changes with the integration of the
AFM probe shape, i.e. spherical, colloidal, pyramidal.
is a function of temperature T , separation D, tip radius R, layer thickness L, and an
ambiguous density parameter s.
Soon after de Gennes modified the model, Hillary Taunton and colleagues studied the
interactions between surfaces with end-adsorbed chains [21]. Their focus was on chains that
were physisorbed rather than chemically bonded to the surfaces. The group specifically
sought systems that contained nonadsorbing chains with a single polar functional group
at one end that would adhere to the substrate surface. The two systems they used were
polystyrene chains with carboxyl and n-dimethyl terminal groups as well as poly(ethylene
oxide). Using the AdG model Taunton calculated a mean spacing distance between grafting
points of the polymers of 85 A˚ and a layer thickness of approximately 740 A˚.
Hans-Ju¨rgen Butt and colleges used the AFM and a stage heater to measure the steric
forces of polystyrene in cyclohexane and poly(ethylene oxide) as a function of temperature
[4]. Butt used the grafting density to determine the mean distance between grafting sites to
be approximately 4 nm. It was also determined that the steric forces and consequently the
layer thickness increased monotonically as temperature increased within the range of 10−70◦
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C. This result can be seen in Fig. 5. Two force curves are shown in Fig. 5a to compare the
force differences observed at two different temperatures, 35◦ C and 52.5◦ C. The monotonic
relationship between the layer thickness and temperature is represented in Fig. 5b where the
different range components corresponding to different values of the equilibrium thickness
of the polymer brush leading to different exponentially decaying functions used to fit the
retraction of the force curves.
(a) Force Curve (b) Decay Length
Figure 5: (A) Force curves of polystyrene grafted to silicon as a function of temper-
ature. (B) Temperature dependence of decay length (layer thickness) for long-range
component (solid line) and short-range component (dashed line). [4].
At the University of Bielefeld, Andreas Serr used force spectroscopy to characterize the
interaction forces of poly(styrene-4-sulfonate)-covered surfaces [5]. He used the AdG model
and observed extremely strong adhesion forces on retraction of the probe. The force curves
were taken as a function of ionic strength with a specific molality of sodium chloride. They
were also taken from increasing ionic strength as well as from decreasing ionic strength.
Figure 6a and Fig. 6b show the resulting force curves at AdG fits for 0.2 M of sodium
chloride and 1 M of sodium chloride, respectively. Figure 7a shows the computed values for
the layer thickness L, and according to Serr, the mean distance between attachment points,
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s. Fig. 7b compares the values of L and s obtained from reversing the direction of ionic
strength from increasing to decreasing.
(a) 0.2 M (b) 1 M
Figure 6: Force curves of poly(styrene-4-sulfonate) in a (a) 0.2 M KCl solution and
(b) 1 M KCl solution. [5].
(a) 0.2 M
(b) 1 M
Figure 7: Values of L and s obtained from force curves of poly(styrene-4-sulfonate)
(A) in a 0.2 M KCl solution and 1 M KCl solution (B) and moving from a high ionic
strength to a low ionic strength and vice versa. [5].
Much of the previous work can be conceptually and even mathematically applied to the
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steric forces of the LPS on bacteria. The LPS are crucial for adhesion of the bacteria onto
surfaces, making them the focus of many experiments.
Several groups, such as Mildred Rivera from the department of biochemistry at Michigan
State University and colleges, have also analyzed the chain length of the LPS [22]. Rivera’s
and Kintz’s groups utilized chromatography and western blotting to determine these chain
lengths for PA103 and its mutants. Long chain lengths are between 50 and 150 kDa while
very long chain lengths are approximately 250 kDa [6].
Understanding the composition and size of the LPS becomes important when the LPS
characteristics can be related to the virulence of the bacteria. Ivan Ivanov and Erica Kintz
from the department of Chemical Engineering at Worcester Polytechnic Institute (WPI)
and the Department of Microbiology at the University of Virginia, respectively, related the
properties of the LPS to the virulence using Atomic Force Microscopy [6].
Ivanov and Kintz determined that as the LPS length increased the repulsion force within
the AFM also increased. The experiments also showed that the bacteria that contained only
the shorter LPS on the cell wall behaved similarly to stiff samples. The addition of long LPS
chains smooths the repulsion forces. This can be seen in Fig. 8 [6].
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Figure 8: Repulsive AFM force curves of P. aeruginosa PA103 wild-type and mu-
tants. ∆Wzz1 has only long chains, ∆Wzz2 has short chains and Wzy::GM is a
double mutant with no chains [6].
Using the AdG steric model, Ivanov and Kintz modeled the spacing of the LPS. The
smallest observed spacing was found in the wild-type strain at less than 4 nm. The largest
observed spacing was found in the Wzy::GM mutant at almost 16 nm. The Wzy::GM mutant
was the experimental control, a mutant of PA103 with the LPS core and only one subunit
of the o-antigen. The LPS of this mutant were the shortest in chain length. The results of
the spacing can be seen in Fig. 9.
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Figure 9: Spacing of LPS determined using the AdG model, PA103 wild-type and
mutants [6].
Arzu Atabek and Terri Camesano from the Department of Chemical Engineering at the
Life Sciences and Bioengineering Center at WPI, used AFM to study the effect of lipopolysac-
charides on the adhesion of P. aeruginosa PA01 and AK1401. Atabek and Camesano ana-
lyzed both the approach and the retraction of the force curves obtained from the different
strains. The approach provided information on the steric forces of the bacteria’s surface,
which can be seen in Fig. 10a. The retraction, however, provided information on the adhe-
sion strength of the LPS [7].
An interesting incident that occurred on retraction curves were “pull-off events”, which
represented the point at which polymers that had been attached to the AFM probe broke
away from the tip. Figure 10b depicts these events for both strains of P. aeruginosa. The
local minima on each curve known referred to in the paper as “adhesion peaks”, represent the
unfolding of the chains of the LPS when the curve does not return to zero and the breaking
point otherwise.
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(a) AFM Approach (b) AFM Retraction
Figure 10: (a) The AFM approach and (b) retraction curve obtained from PA01
and AK1401 [7]. These were typical force data obtained from five bacteria of which
five measurements were taken on each.
Although many have analyzed the steric forces of polymers using the AdG model, the
studies have primarily been done with grafted polymers. However, polymers that have been
terminally grafted to substrates have similar restrictions to those of the LPS on bacteria.
Therefore, as de Gennes distinguished, the expected values of s should fluctuate with L as
the mesh spacing rather than the root spacing. It is expected that as the temperature of
the sample increases, L will increase, as will s. L should remain below several hundred
nanometers and s is not expected to greatly exceed L at any point.
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Chapter 3: Methods
3.1 Pseudomonas aeruginosa Growth and Preparation
A procedure developed in Terri Camesano’s lab at Worcester Polytechnic Institute’s
(WPI) Life Sciences and Bioengineering Center was used to prepare the samples for AFM
imaging. Evan Anderson, a physics graduate student at WPI, developed the basis of the sam-
ple preparation procedure found in Appendix A. Anderson’s appendix was slightly modified
for the purposes of this paper.
The Pseudomonas aeruginosa (PA103) was initially grown from stock then plated onto
Luria-Bertani (LB) agar, which was then used in growing cultures for future experiments.
The agar plates lasted approximately thirty days after which the bacteria were too old to use.
It was grown in fifty milliliters of LB broth for approximately twelve hours in an incubator.
Members of Professor Terri Camesano’s lab used spectrophotometry to determine the time
of growth for these bacteria. At approximately twelve hours the bacteria is within the
exponential phase of its growth. This phase is indicated in Fig. 11 by the label. Although
this figure is a general diagram of bacterial growth the concepts of the phases are the same.
Figure 11: The exponential growth phase of bacteria indicated by the label. The
graph is a general growth curve and not specific to PA103. This image can be found
at http://bio3400.nicerweb.com/Locked/media/ch06/exponential−growth.html.
Clean glass slides are necessary for the sample preparation as they are the substrate
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to which the bacteria will bind. The glass slides were soaked in a three to one ratio of
hydrochloric acid (HCL) and nitric acid (HNO3). They were also soaked in a seven to
three ratio of Sulfuric acid (H2SO4) and hydrogen peroxide (H2O2). In between soaking the
slides they were washed with ultrapure mili-Q water. For a more detailed procedure refer to
Appendix A.
Once the bacteria have been grown and are ready for the adhesion process ten milliliters
of bacteria is poured into two centrifuge tubes. The bacteria is centrifuged three times and
washed with clean water in between each centrifuge. Clean water is high quality water with
no pathogens, bacteria, or contaminents. This differs from Ultra Pure water or milliQ water,
which has been passed through complex filters to decrease conductivity and extract ions.
For specific steps and centrifuge time and spin levels, see Appendix A.
While the bacteria are in the centrifuge, the clean glass slides are soaked in a one to
one ratio of 3-aminopropyltrimethoxysilane (Aminosilane) and methanol in a petri dish for
twenty minutes. After the final centrifuge cycle the bacteria in the tubes are combined leaving
approximately ten milliliters in one centrifuge tube. Three hundred microliters of 1-ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) and six hundred microliters of
N-hydroxysulfosuccinimide (NHS) are then added to the ten milliliters of bacteria.
The glass slides are rinsed after soaking in the aminosilane and placed in a clean petri
dish. The bacteria, EDC and NHS mixture is then added and the dish is placed on the shaker
table for at least two hours. Once the slides have been given enough time in the bacteria
mixture the liquid is removed from the petri dish and disposed of in the proper receptacle.
The petri dish is then set into the vacuum hood to dry for at least ten minutes. It has been
found that this step is crucial to the adhesion process.
The EDC and NHS reaction targets the carboxyl groups of the LPS forming an interme-
diate complex [7]. When these functional groups are in contact with the Aminosilane they
create peptide bonds, adhering the bacteria to the glass slide. However, the groups that are
exposed (not in contact with the slide) revert back to their original carboxylate form [7].
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3.2 Atomic Force Microscope
The AFM measurements were done on an Asylum MFP-3D-Bio using Bruker-Nano silicon
Nitride triangular probes in itermittent contact mode. The manufacture’s reported thickness
lies between 0.55 − 0.65 µm and its spring constant lies between 0.06 − 0.24 N
m
. Asylum’s
petri dish heater was also used. Detailed instructions for the installation and use of the petri
dish heater can be found in Appendix B.
Once the cantilever was mounted the AFM was calibrated. This was done using an
unused glass slide. The thermal resonant frequency was first measured followed by a manual
tune. The probe then approached the glass slide and a force curve was obtained a force
curve of the glass slide. This is to obtain a known force curve to which the force curves of
the bacteria may be compared.
After calibration a drop of water was applied to the cantilever tip using a micropipette.
Water was also added to the surface of the sample. The cantilever head was lowered until the
drop on the cantilever formed a bridge with the water on the sample. The thermal resonant
frequency measurement was repeated as well as a manual tune. The spring constant is then
changed back to the value that had been measured in air, as that is more accurate. At this
point the set point was chosen according to the amplitude and the gain was increased. The
tip was brought into intermittent contact, which was determined by the change in amplitude
or the point at which a chance in setpoint no longer changes the z voltage drastically. The
z voltage was then centered.
The petri dish heater was connected to the environmental controller first so the Heater
Panel automatically engages when the AFM software is opened. The heater and feedback
were enabled and approximately ten minutes were allowed to ensure the temperature stabi-
lized. When the deflection of the cantilever no longer drifted the temperature had stabilized.
Standard imaging in fluid procedures were followed. When changing the temperature the
desired parameters on the Heater Panel were entered and approximately ten minutes were
given for temperature stabilization. For more detailed instruction refer to Appendix B.
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Chapter 4: Results and Discussion
4.1 Typical Results
A typical force curve, before any analysis was done, is shown in Fig. 12a. The plot
displays deflection of the cantilever as a function of separation from the surface. At large
separation values, when the cantilever is far from the surface of the bacteria, the deflection
is approximately constant. As the cantilever approaches the sample surface the deflection of
the cantilever begins to increase, signifying a force between the tip of the cantilever and the
surface. To determine the forces observed during the approach the deflection values were
multiplied by the cantilever’s spring constant and offset such that the baseline force equals
zero.
(a) Raw Data (b) Force Data
Figure 12: a.)The deflection of the cantilever as a function of the separation from
the tip and sample surface. b.) The force of the sample on the cantilever tip as a
function of the separation from the tip and sample surface.
Since the AdG model is only valid from the point of contact to where the slope in the
log-log plot deviates from −5
4
the raw data is cropped to the appropriate interval as seen
in Fig. 13. This can be done using a program as discussed in the methods chapter but
it can also be done manually. Due to problems encountered with the AFM software, Igor,
further discussed in the conclusions and future work chapter, the data displayed was cropped
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manually. This was done by plotting the force data in a log-log plot and determining the pot
at which the slopes approaches negative infinity and where the slope deviates from negative
five-fourths. The process was aided by plotting the following two equations on the same plot
to compare the data to
x =c
y =
−5
4
x+ c,
(2)
where c was an interval of constants so several lines were plotted.
Figure 13: The force as a function of separation after croping according to the
AdG model.
As seen in Fig. 12b the force was repulsive. Hooke’s Law, Eq. 3, clarifies this. For a
cantilever the force is a function of the spring constant, kc and the deflection of the cantilever
from the rest position, d. Since the spring constant is a positive value the type of force
(attractive or repulsive) depends on the deflection of the cantilever. It is important to keep
in mind that Hook’s law characterizes the force of the cantilever on the tip. Using standard
conventions the coordinates for the deflection of the cantilever is positive if the deflection
is in the positive zˆ direction resulting in a negative or repulsive force. The equation below
shows the relationship between the force and the deflection of the cantilever
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F = −kcd. (3)
Since Hooke’s Law represents the force of the cantilever on the tip, the force of the
sample on the tip would be opposite in direction but equal in magnitude. The free body
diagram of Fig. 14 depicts this important difference. The dashed lines represent the forces
of the cantilever on the tip, Fcont and the forces of the tip on the sample Ftons. The two
force regimes (attractive or repulsive) can be related to the bend of the cantilever. When
the forces are attractive the cantilever bends towards the sample. The opposite is true for
repulsive forces. For these experiments the forces the sample on the tip were positive meaning
repulsive forces were greater in magnitude than attractive forces, which was imperative for
the desired measurements.
Figure 14: The free body diagram of the tip and surface forces. Fcont represents
the force of the cantilever on the tip, Fsont represents the force of the sample on the
tip, Ftonc represents the force of the tip on the cantilever and Ftons represents the
force of the tip on the sample.
4.2 Results as a Function of Temperature
Due to the previously mentioned problems involving the exporting software in Igor, the
AFM software, only five characteristic force curves from each temperature change were an-
alyzed from two different experiments, rather than the one-hundred taken for each temper-
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ature out of sixteen. A single characteristic force curve corresponding to each temperature
can be seen in Fig. 15.
(a) 24◦C (b) 26◦C
(c) 28◦C (d) 30◦C
Figure 15: The characteristic force curves after cropping for each temperature.
The x-axis is separation measured in µm while the y-axis is force measured in nN.
These force curves were fit using the AdG model of Eq. 1 with a minimum R2 values of
0.95. The fitting was done using the matlab program discussed in the methods chapter. The
L and s values were determined via the model and can be found in Table 1 corresponding to
the temperatures and experiments the values were calculated at. The layer thickness value,
L, determines the curvature of the curve. The larger the value of L the straighter the curve
should be. However, as seen in the table of values this is not true of the 24◦C however, this
L value may not be accurate due to the small data set, problems with the programming and
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software.
Table 1: The L and s values of the characteristic force curves as a function of increasing
temperature obtained via a matlab program while using the AdG force model. The subscripts
on the variables correspond to the experiment the values were calculated from.
24◦C 26◦C 28◦C 30◦C
L1 values 1280 nm 489 nm 684 nm 550 nm
L2 values 154 nm 105 nm 108 nm 175 nm
s1 values 2.37 nm 4.01 nm 1.42 nm 2.35 nm
s2 values 2.22 nm 1.34 nm 6.27 nm 7.01 nm
These values were compared with each other as seen in Fig. 16. The values obtained from
experiment 1 can be found in Fig. 16a and the values obtained from Experiment 2 can be
found in Fig. 16b. It was hypothesized that as temperature increased the lipopolysaccharides
would extend further into the solution. If this were the case, the L values would positively
correlate with temperature. It does not appear that the L values display any kind of trend
for this limited number of curves.
(a) Experiment 1 (b) Experiment 2
Figure 16: The average L, s, and separation (h) values of the five characteristic
force curves as a function of increasing temperature obtained via a matlab program
while using the AdG force model. The error bars represent the standard deviation
of the mean.
The data sets from both experiments were compared and statistically analyzed with
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functions such as Chauvenet’s criteria to ensure outliers did not skew the standard deviation.
Although in this case were the data set is very small the statistical analysis of the data is
irrelevant. In this case is was done to check the programing as well as to maintain the
integrity of the program written ensuring nothing was changed. However since the sample
size is very small it is still unclear as what trends if any L and s follow. Since it is true that
the larger the set of data is the more accurate the results are, therefore it is more conducive
to use datasets with more data points and force curves per temperature change.
4.3 Discussion
It was expected that L values would be on the order of several hundred nanometers, while
s would be on the order of tens of nanometers. The obtained values of L and s both are in
the expected range and correspond to the scales other studies have reported. These research
groups include Atabek et al. and Ivanov et al. with reported L values on the scale of several
hundred nanometers and s values on the scale of tens of nanometers [6, 7]. Although more
data must be collected to draw any accurate conclusions on whether s represents the root
or mesh spacing, preliminary data supports the original hypothesis. This conclusion can be
drawn by the scale of s. If it representative of the root spacing on this scale, would the
bacteria have enough space within the cell wall for channels to import nutrients and export
wastes etc. or on the cell wall for other structures such as antigens?
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Chapter 5: Conclusion and Future Work
5.1 Challenges
A crucial element in analyzing forces curves, particularly when applying a mathematical
model is determining the point of contact. The AFM software, Igor, determines the point
of contact by comparing the data curve to the y-axis and determining where it crosses.
However, there are several concerns with this method, which would need to be addressed in
any future work of this kind.
The particular methods Igor uses to determine contact are still very unclear and it appears
that in doing so much of the important data is cropped out of the force curves when Igor
zeroes the curves. Curves that appear to be characteristic curves as raw data do not make
it through the fit criteria after Igor has zeroed the curves such as in the curves seen in Fig.
17. This depicts the same raw data force curve analyzed with the same cropping program
after Igor determined the point of contact, Fig. 17a to Fig. 17b which shows the same raw
data curve cropped without the influence of Igor.
(a) With Igor (b) Without Igor
Figure 17: The characteristic force curves after cropping using Igor to determine
contact b) without using Igor to determine contact.
Rebecca Gaddis 31 Bacterial Adhesion
The software, however, was not the only challenge. The sample preparation spanned over
sixteen hours and had over one hundred steps that need to run smoothly. The proper timing
of the experiments were of the utmost importance because if the bacteria did not grow long
enough or too long they would not bind to the glass slides during the binding procedure.
The imaging and obtaining force curve with the AFM was approximately five hours and
the cropping and fitting of twenty force curves manually took approximately eight hours.
Therefore each experiment spanned approximately twenty nine hours and each step in the
process (well over two hundred) had to work out for any data to be collected.
5.2 Future Work
Rather than relying on an ambiguous method, a script within Igor could be written to
determine contact. There are many papers and methods currently being used to determine
the point of contact for a force curve, which could be employed for this kind of script. One
method being an analysis of the noise in the baseline. For this method the point of contact
would be when the force exceeds three times the noise level. This would certainly decrease
the analysis time on the data and increase the confidence in the values of the parameters.
The matlab program files used to analyze the data are currently written in a way that
requires the user to save the text files taken from Igor as excel files first before running the
programs. However, once the exporting procedure has been perfected from Igor this could
also be changed to save time allowing for more data analysis. If the matlab files were written
so that text files were read rather than excel files then two to three steps in the entire data
analysis process could be combined into one.
These matlab files also need to be tested futher once the issue concerning Igor has been
addressed. Figure 18 shows the same set or raw data analyzed using different method.
Figure 18a shows the data after determining the point of contact with Igor then using the
matlab cropping program, while Figure 18b shows the same data exported without finding
the point of contact and cropped manually. It is concerning that the trends for both L and
Rebecca Gaddis 32 Bacterial Adhesion
s are vastly different for these two instances despite the raw data being exactly the same.
This issue lead to the inability to draw any firm or accurate conclusions from the data and
would need to be addressed in any future work.
(a) Experiment 1 with Igor (b) Experiment 1 without Igor
Figure 18: The L and s, values of the characteristic force curves as a function of
increasing temperature obtained via a matlab program while using the AdG force
model. Both graphs depict the same data sets a.) analyzed after using Igor and
matlab cropping program and b.) analyzed after manually cropping without Igor.
5.3 Summary
Despite these complications two sets of data have been analyzed and L and s values on
the scale of several hundred nanometers and tens of nanometers respectively, were obtained
as seen in the results chapter. Due to issues with the programs used to analyze the data
trends could not be established. The scale, on the other hand, 100nm < L < 1300nmand
scaleofatoms < s < L suggests that s represents the mesh spacing as argued in the results
chapter. However, more analysis with larger data sets must be done to make any accurate
statements on the s and L values.
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Appendices
A Sample Preparation
A.A Cleaning Glass Slides
1. Cut slides (optional).
2. Wash slides with mili-Q water.
3. Sonicate slides for 15− 30 minutes.
4. Soak slides in 3 : 112.1 M Hydrochloric acid (HCl) / 15.2 M Nitric acid (HNO3) for at
least 25 minutes.
5. Wash slides with mili-Q water.
6. Soak slides in 7 : 3 18.1 M Sulfuric acid (H2SO4) / 11.6 M Hydrogen peroxide (H2O2)
for about 1 hour.
7. Wash slides with mili-Q water.
8. Store in mili-Q water, in refrigerator.
A.B LB Broth
1. Combine LB Broth with clean water us-
ing 25 g
L
.
a. Use 500ml and 12.5g
b. Use Ultra Clear Water
2. Heat and stir at about 300◦C until the
LB is completely dissolved.
3. Autoclave using liquid cycle #2 (about
1 hour). This sterilizes the broth and
container.
Figure 19: The Luria-
Bertani (LB) Broth and LB
Agar used
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A.C LB Agar Plates
1. Combine LB Agar with clean water using 0.7 g per 20 mL (20 mL for each plate) in a
flask.
a. Make 60 ml with 2.1 g
2. Stir with magnetic stir bar on a hotplate at about 300◦ C until the mixture begins to
smoke.
a. Watch carefully
b. When smoke can be seen it is done.
c. Needs to go into Autoclave before it solidifies
3. Autoclave using liquid cycle #2 (about 1 hour).
a Put Autoclave tape over aluminum foil of flasks.
i. Be sure the tape is autoclave tape. It indicates whether the autoclave procedure
has occured
ii. Make sure caps are not on too tight
b Transport glass in brown box
c Press Button Twice
d Sign in on clip board
4. Pour LB Agar into Petri dishes (20 mL for each plate) and let sit for about 1 hour.
5. Seal with Parafilm for later use or plate bacteria for growth.
Rebecca Gaddis 40 Bacterial Adhesion
A.D Growing Bacteria
1. Pour 50 mL of LB Broth into a glass flask
under a sterile vacuum hood.
2. Proceed to a) if growing from stock, and
b) if growing from plates.
a. Take the appropriate vial of bacteria
from the −80◦C freezer and add it to
the LB broth.
b. Scrape the plate with an inoculation
loop until a pellet of bacteria fills the
loop. Then shake the pellet off into
the LB broth.
3. Place the flask in an incubator for de-
sired growth time (author typically used
10− 13 hours).
(a) Stock (b) Plated Agar
Figure 20: Locations of
Bacteria.
Figure 21: The incubator
used to grow bacteria.
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A.E Plating Bacteria
1. Grow bacteria and have agar plates
ready. The items needed are seen in Fig.
22. From left to right: incubation loops,
Spirit Burner, LB Broth, Sterile Flask.
2. Stir inoculation loop in bacterial solu-
tion in order to form a meniscus in the
loop (under sterile hood).
3. Wipe loop across the surface of the agar
plate as much as desired.
4. Use Parafilm to seal plate.
5. Place plates with bacteria-side facing
down in 37◦ C room.
6. Place plates in refrigerator once bacte-
ria has grown sufficiently (about 10− 15
hours for the author).
Figure 22: The items
needed to begin growing
PA103.
Figure 23: Using parafilm
to seal the petri dish.
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A.F Making EDC
1. Combine 0.096g of EDC with 5 mL clean water.
2. Lower pH of EDC solution to between 5 and 6 using diluted sulfuric acid (H2SO4).
a. Best at 5.5
3. Store in refrigerator (lasts about one week).
A.G Making NHS
1. Combine 0.0435g of NHS with 5 mL clean water.
2. Raise pH of NHS solution at least 10 using sodium hydroxide (NaOH), and then lower
pH to between 7 and 8 using additional NHS (once the pH gets near 7, it will quickly
approach 12 or so making it difficult to not surpass the 7 − 8 range, but this is okay
and possibly even necessary).
a. Use NHS to go back down in pH
3. Store in refrigerator (lasts about one month).
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A.H The Binding Procedure
1. After growing, pour 10 mL of bacteria
into each of two centrifuge tubes and
centrifuge on level 7 for 10 minutes.
2. Rinse clean slides in methanol under the
hood.
3. After first centrifuge cycle is done, pour
out liquid from centrifuge tubes without
losing bacteria and add 10 mL of water.
4. Disperse the bacteria in water using a
transfer pipette and centrifuge again.
5. Add 3 : 7 ratio of 3-
Aminopropyltrimethoxysilane:methanol
to a new centrifuge tube under the hood
and mix using the mini vortexer.
6. Pour aminosilane solution onto glass
slides and leave covered for at least 20
minutes under the hood.
7. Repeat steps 2− 4.
8. After third centrifuge cycle is complete,
pour out the water as described before,
but add only 5 mL of water to each tube.
9. Disperse the bacteria in each tube and
combine into one.
10. Add 300µ L EDC and then 600µL NHS
to bacteria solution and tilt tube back
and forth during remaining steps if pos-
sible.
11. Rinse the slides with methanol then wa-
ter and add to new Petri dish after at
least 20 minutes has passed since adding
aminosilane (under the hood).
(a) Centrifuge (b) Rinse slides.
(c) Pour out fluid. (d) Disperse Pellet
(e) Aminosaline
mixture.
(f) Mini Vortex.
(g) NHS and EDC (h) Shaker table
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12. Pour bacteria solution onto slides and shake on the shaker table for at least 2 hours
before imaging. This allows the bacteria to adhere to the surface evenly rather than
forming colony-like sections.
13. Remove excess fluid from the petri dish and dry before imaging.
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B Petri Dish Heater
B.A Installation
B.A.1 XY Hysteresis Measurement
Before Changing Plate: Measure XY scanner hysteresis (piezos and mechanical assembly)
1. Open the Test Panel
a Note:This is done off the surface without a tip or sample and scanner head off of
the stage
b Click the Programming drop down menu then Load Test Procedures
c Select the Testing drop down menu then Test Panel
2. On the 3D Test Panel, see Fig. 24 select the Calibration tab and enter the following
parameters.
a In the Channel field: X-axis
b In the Action field: Measure Hysterisis.
c Frequency: 1.0 Hz
d Cycles: 50
i The Piezo will cycle 50 times through three voltage ranges; 160 V, 10 V, and 1
V
3. Then click Start button
a. A graph of LVDT sensor signal Vs. piezo drive voltage will appear.
b. Wait for LVDT range to stabilize (50 cycles).
4. Then click Start again (done twice to ensure accurate results).
5. Repeat the procedure for Y-axis (channel).
a. The X and Y hysteresis values should be as follows: ≤ 5%for 160 V, ≤ 4% for 10 V
and ≤ 3% for 1 V.
b. Typical the Y channel values are greater than X.
c. Record value to ccompare to the values obtained after heater is installed.
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Figure 24: 3D Test Panel [8].
B.A.2 Changing the Plate
1. The scanning head should have been removed in the previous section. If it is not
remove it now.
2. Unplug the connector and remove the spring controlling the stage (y translation).
3. Using a .050 inch allen wrench remove (4) screws and washers holding the sample plate.
The screws are located at the back of the stage see Fig. 25a.
4. Clean water shield and exposed stage with cotton swab and alcohol as needed see Fig.
25b.
5. Turn stage upside down such that the screw holes are facing you.
a. Position petri dish holder/heater beneath scanner and align holes.
b. Start all 4 screws then tighten in a diagonal pattern.
c. Be careful not to over tighten.
d. Re-position stage with new plate, see Fig 25c.
6. Retest X and Y scanner hysteresis.
a. If the three hysterisis values are not similar to the previous values then the plate is
most likely touching scanner.
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b. Re-position plate and re-do hysteresis.
7. After hysteresis testing is complete place scanner back onto stage and re-attach y
translation spring and plug the connector back into stage.
8. Plug petri dish heater plate cable into the environmental controller (EV controller).
9. Plug the 25− 25p interconnect cable from the environmental controller to the MFP3D
controller.
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(a) Bottom of Stage
(b) Exposed Stage
(c) Petri Dish Heater
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B.B Using the Petri Dish Heater
1. Ensure the EV controller is on
2. Open a new template in MFP3D
a. Heater panel window should automatically appear see Fig. 25.
b. If it does not see page 13 of the Petri Dish Holder and Heater manual, found on the
AFM Lab computer desktop under ”manuals” and at www.AsylumResearch.com.
3. Turn on the heater by selecting “on” for the following:
a. Feedback
b. Heater
4. Enter desired parameter values
a. Target temperature: this is typically 37◦C for mammalian cells.
b. Note the following phenomenon and adjust parameters as needed:
i. The temperature sensor is located inside the sample plate therefore the mea-
sured temperature is lower than the fluid/slide temperature.
ii. The difference between these temperatures is dependent on how well heat is
coupled into bottom of the glass slide or petri dish.
c. Ramp temperature: how quickly the sample should reach target temperature. ie for
a biological sample it may be 6◦C/min is typical.
5. Allow ten minutes between adjusting the target temperature and measuring or imaging.
It takes at least this long for the temperature to stabilize.
6. Display the Temp vs Time Graph.
a. Click on More located next to Display.
b. Click a couple of times to bring up both axes.
i. The temperature is on the left.
ii. The heater output is on the right.
c. During initial heating monitor the heater output to ensure that it doesn’t reach
maximum.
i. The heater output shouldn’t exceed 66% when heating to 45◦C.
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7. NOTE: The key to successful live cell imaging is to minimize the time that the dish
or slide of cells is “sitting” on the heater plate without being imaged. It is important
to have the AFM completely setup and “ready to go” once the cells are placed on the
sample plate. This is due to the fluid the cells are in drying from the heater plate and
the rate at which the cells die.
8. Begin capturing the Temperature data by clicking on the “More” button next to Dis-
play.
9. While the fluid temperature is stabilizing, align the laser on the back of the cantilever.
Zero the deflection. You will notice that the deflection will continue to drift until the
fluid temperature is stable. During this period you can also tune the cantilever if you
will be imaging in AC mode.
10. Follow standard fluid imaging procedures outlined in the MFP-3D manual (Chapters
8 and 9, AC Mode and Contact Mode Imaging in Liquid).
Figure 25: Heater Panel [8].
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C NanoWorcester Poster
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D National Science Foundation Highlights
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